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Investigations of cavity losses in diode pumped lasers*

Jan K. JabczyNski, Krzysztof Kopczynski, Piotr Marciniak
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Two methods of losses measurements: Findlay—Clay’s method and relaxation frequency method
were verified for two types of diode pumped lasers. In the case of Nd:YAG laser with changeable
output coupler, the results obtained for both methods were in good agreement However, there was
observed a contradiction between the relatively high losses (about 10% for transmission losses of
5%) and very high slope efficiency (~50%) of this laser. The measurements of cavity losses via
relaxation method were carried out for several types of microlasers made of NdrYAG, NgrGGG,
Nd:YAP crystals and Ndrphosphate glass. There were obtained total losses (including transmis-
sion ones) on the range from 7% to 30%.

1. Introduction

Diode pumped lasers (DPL’), due to the narrow spectrum of pump radiation well
matched to absorption peak of active medium and good overlapping of pump
caustics and fundamental mode of cavity, can be very efficient sources of coherent
radiation [1], [2]. They emit, as a rule, diffraction limited beams; moreover, a single
frequency regime of work is a frequent and easy to achieve option [3], [4]. High
slope and optical efficiencies, low thresholds and possibilities of mass production
enabled construction of reliable and cheap DPL’s for several metrological ap-
plications.

To construct efficient DPL high gain and low cavity losses should be achieved
simultaneously. Both parameters depend on geometry of pump and laser modes as
well as physical properties of active medium and quality of laser elements. The
procedure of Findlay —Clay [5] (FCM) enables determination of both parameters
from measurements of thresholds for several transmission losses. In this case, it is
assumed that threshold pump is proportional to total logarithmic losses of cavity.
This procedure can be applied in an early stage of construction and has limited
application only for lasers in which the changing of output mirror is possible and
laser mode shape and losses do not depend on pump power. Such conditions are not
valid in numerous diode pumped lasers, e.g., monolithic microchips. The alternative
method for investigating losses consists in measurements of frequency of relaxation
oscillation (RFM) [6], [7]. In this case, the frequency of relaxation oscillation is
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measured as a function of pump power over threshold. Making use of this relation
one can determine decay time of photon in the cavity and cavity losses.

The aim of this paper is verification of these two methods for two types of diode
pumped lasers, namely: end pumped laser with flat output mirror and microchip.
The energetic characteristics and cavity losses using both FCM and RFM proce-
dures were measured for the first type of laser (Sec. 3) For the second one, losses were
measured applying the RFM procedure for several microchips (Sec. 4). The results of
measurements are discussed in the last section.

2. Experimental set-up

The experimental set-up (see Fig. 1) consisted of diode pumped laser controlled by
laser diode driver, the power meter for measurement of energetic characteristics and
photo detector with high pass preamplifier for recording intensity noises of
generation in the range of 10 kHz—10 MHz.

LD D O A M o C

Fig. 1. Scheme of laboratory set-up: LD — pumping laser diode, DO — diode beam forming optics,
AM —active medium, OC — changeable output coupler (only for laser type IX PD — photo detector
with high pass preamplifier, PM — power meter, PC — 486°’PC computer, LDD — laser diode driver

The laser diode driver enabled stabilization of pump current with accuracy better
than 1% and control of TEC temperature of diode laser with accuracy better than
1 K. In the case of energetic characteristics measurements both power supply and
power meter output were controlled by data acquisition card PCL 812 PG. In
measurement of relaxation oscillations, CS1012 oscilloscope card with 20 MHz
sampling rate and home made softwate [8] were applied.

Two types of DPL’s were investigated:

L In the first type of laser 2W laser diode LDT 27004 with emitting area
200x 1 pm2 was used as a pump source. The pump beam was transformed by
divergence equalising system into astigmatic caustics of the size 250 x 40 pm2 and
divergence half angle of about 50 mrad. The laser cavity consisted of Nd:YAG rod
with rear mirror deposited on its left facet and flat external output coupler placed at
several distances from the rod.

2. In the second type of laser, as a pump source the 1W fiber coupled diode SDL
2362 with 50 pm core diameter and 0.4 NA was used. The pump beam after pass-
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ing through relay system with 2 x magnification formed caustics with 130 pm waist
diameter and 230 mrad half angle of divergence.

In both types of lasers, the shape of laser mode is determined by the shape of
pump radiation via gain/thermal guiding effects [9]. In the preliminary stage of
investigations the pump caustics shapes were measured (see Fig. 2a,h).
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Fig. 2. Beam sizes vs. distance measured in caustics of pump system type L Triangles denote beam sizes in
x-plane, circles denote beam sizes in y-plane (a). Beam diameter vs. distance measured in caustics of pump
system type 11 (b)

It was established from calculations that the averaged area with respect to pump
absorption [10] was 45000 pm2 for the first type pump beam and about 30000 pm2
for the second type of pump. There was observed near TEMQ0 output for the full
range of the pump power examined for both types of lasers. Measurements of
divergence of output beam showed that for the first type of laser the waist diameter
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was approximately 600 jun and did not change significantly with respect to pump
power, whereas the waist diameter of microchip laser decreased with pump power
due to thermal/gain guiding effect [9]. However, in both cases, the laser mode had
larger size in the active medium than the respective pump sizes.

3. Measurements of cavity losses for the first type of laser

Assuming the fact that for several transmission losses (defined as —In(R), where
R denotes reflectivity of output coupler) laser beam size is the same at threshold

pump and the passive cavity losses Lcdo not depend on threshold power the
dependence of transmission losses on threshold pump is the following:
—In(U) = 2°K'Pfa—Le @

where K denotes gain per pump power. In this case, the one pass gain g0l for a given
incident pump power Pia is as follows:

g0l = K-P. @

There were measured the energetic characteristics (see, e.g., Fig. 3) of laser that
consisted of 10 mm length Nd:YAG rod with flat facets and plane output coupler
located at a given distance from the rod.
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Fig. 3. Output characteristics of laser type | of 27.5 mm geometrical length

The threshold pumps for a given OC were determined from linear regression of
energetic characteristics. Measurements of output characteristics were carried out for
a few output couplers, and further cavity losses and gain were calculated according
to FCM procedure (formulae (1), (2), see Fig. 4).

The second method of losses investigations, i.e., the RFM method consisted in
measurements of medium frequency of intensity noises averaged with respect to noise
spectrum [8]. For the low excess of pump power over threshold there is observed
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Fig. 4. Transmission losses vs. threshold powers for several resonator lengths /,

a stable relaxation peak in intensity spectrum whose frequency/rel is proportional to
the square root of pump power (see details in [6], [7]) as follows:

I*1-35m ©)

where r denotes pumping parameter,

r-y—u @)

P —pump power, PAT —threshold power, xf — fluorescent time of relaxation of
crystal upper level, and rc —decay time of photon in the cavity. On the other hand,
the tcis related with cavity parameters in the following way:

-z rf-[M «)+ 4] ©)

where ¢ denotes light velocity, /gt — optical length of cavity, R — reflectivity of
output coupler (it was assumed that reflectivity of rear mirror deposited on the rod
is 1), and Lcdenotes the passive logarithmic losses of cavity. All measurements were
carried out for Nd:YAG crystal which had 230 jis upper level lifetime. The values of
decay time tcwere determined from linear regression of relation between square of
relaxation frequency and pumping parameter r for several pump levels (see Fig. 5).

Passive cavity losses Lcwere calculated from formula (4), (see Fig. 5 and Tab. 1).
The threshold powers used in calculations of pumping paremeter r were determined
from energetic characteristics. Linear correlation coefficients for all data sets were
better than 0.995. Error measurements in RFM procedure depends also on ac-
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Pump power [mW]

Fig. 5. Square of relaxation frequency as a function of pump power for several optical lengths of cavity:
OC transmission was 5%

Table 1. Losses and optical slope efficiencies rfopUfl of flat cavity measured by FCM and RFM
procedures: LFOM — losses measured by Findlay—Clay method, L ,~ — losses measured by relaxation
frequency method, Inz — geometrical length of cavity

Inz [mm] 14 225 41
W i 45 48 50
YFOM [%] 7.9 158 14.6
M [%] 10.1 8.4 10

curacy of threshold, cavity length and upper level lifetime measurements. Thus, we
find that uncertainty of losses estimation via relaxation frequency measurements is
on the level of 10—20%. As shown in Table 1, there are relatively large differences
between results obtained for FCM and RFM methods. Moreover, such big losses are
contradictory to very high slope efficiency of laser (about 50%).

4. Measurements of relaxation oscillation frequency of microchip lasers

Similar measurements of cavity losses were carried out for microchip lasers pumped
by the second type of pump system. In this case, only the RFM procedure was used.
The results of relaxation frequency measurements are shown in Figs. 6 and 7.

Because of the problems with precise determination of transmission losses there
were calculated the total cavity losses including transmission of mirrors (see Tab. 2).
The correlation coefficients for these sets of data were not so high as in the case of
the first type of laser. Moreover, much greater instabilities in output power and noise
spectrum were observed for such a type of lasers.
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Fig. 6. Square of relaxation frequency vs. pump power for Nd:YAG microchips

Fig. 7. Square of relaxation frequency vs. pump power for several neodymium microchips

Table 2. Cavity losses (including transmission part —In(R1R2) and optical slope efficiencies

of several microchips

No. Active medium

NdrYAG
Nd:YAG
Nd:GGG
Nd:GGG
NdrY AP
Nd:glass

U WN

Microchip
thickness [mm]

1
0.7
101
0.83
0.8
1.02

»opt-! [%]

18
18
10

o1 o1 0o

Losses [%]

9.9
7.6
29.1
125
15.6
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5. Conclusions

There were examined two methods of cavity losses measurements (Findlay—Clay
and relaxation oscillation methods) for diode pumped lasers. For relatively long
cavity with external output coupler the qualitative agreement between results of
these methods was shown. In this case, the laser mode size was not significantly
influenced by changes of pump power. Moreover, due to longitudinal multimode
output relatively stable output power and spectrum of generation was observed.
However, the level of losses (about 10%) was one order higher than expected, taking
into account scattering losses on imperfections of bulk and surfaces of active
medium. Moreover, such high losses are contradictory to excellent slope efficiency
(about 50%) and optimal transmission 5% observed in this laser. Such high losses
can be explained by diffraction of laser mode on pump area which was about
a quarter of the area of laser mode. This effect due to the gain guiding phenomenon
causes the distortion from Gaussian shape of fundamental mode of “hot” cavity (see,
e.g., [9], [11]). As a result, the output power does not diminish but the quality of
cavity and decay time of photon decrease.

Application of RFM for measurements of microchips losses is much more
doubtful. In this case, measured losses are of one order higher than expected,
although similar results were obtained in other works [7], [12]. In this case, gain and
output transmission are much lower than in the previous case (the ratio of
transmission losses to total cavity losses is about 10%), thus the contradiction
between the relatively high slope efficiency observed (about 30—40%) and such high
losses is much more evident In the case of single frequency lasers, an additional type
of losses occurs [13]. It consists in changes of resonance conditions, induced by
pump power, and resulting “detuning” of mode frequency of fluorescence spectrum
peak. In such a way gain decreases and this disturbance can be observed as an
increase of losses. Thus, the assumption of the losses being independent of the pump
power is not valid. Moreover, due to a significant decrease of laser mode area with
pump power (typical of microchip lasers) the intensity of photon flux inside cavity is
a nonlinear function of pump power, which does not allow application of linear
regression analysis of frequency square and pumping parameter r.

The main source of errors in both methods is the uncertainty in threshold
measurements. It was shown that 5% changes in threshold can result in more than
20% changes in cavity losses determined from the RFM method. To minimize
problems with “detuning” effect the control of generation spectrum should be
realized simultaneously with noise spectrum investigations and microchip should be
thermally tuned to emission peak for each pump level.
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